Background: Gastric cancers frequently show chromosomal alterations which can cause activation of oncogenes, and/or inactivation of tumour suppressor genes. In gastric cancer several chromosomal regions are described to be frequently lost, but for most of the regions, no tumour suppressor genes have been identified yet. The present study aimed to identify tumour suppressor genes inactivated by nonsense mutation and deletion in gastric cancer by means of GINI (gene identification by nonsense mediated decay inhibition) and whole genome copy number analysis.
Background
As many other solid tumours, gastric cancer develops through an accumulation of genetic and epigenetic alterations. Although the knowledge of genetic and epigenetic events occurring in gastric cancer is increasing, it is still far from being complete.
Two major types of genetic instability are described in gastric cancer, chromosomal instability and microsatellite instability [1] . Chromosomal instable tumours show gross chromosomal abnormalities leading to loss and or gain of large genomic areas, while microsatellite instable tumours show an increased mutation rate at the nucleotide level and in general do not show gross chromosomal abnormalities. The majority of gastric cancers have a chromosomal instable phenotype and many studies have been published describing frequent occurrence of chromosomal aberrations in gastric cancers [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Chromosomal alterations can cause activation of oncogenes, by increasing the copy number, and/or inactivation of tumour suppressor genes, by loss of alleles. In case of tumour suppressor genes, usually both alleles must be inactivated in order to abrogate the function of a gene, which can be achieved by any combination of loss, mutation, or promoter hypermethylation. In gastric cancer several chromosomal regions have been described to be frequently lost [6, 11, 12] , but in most of these regions, no tumour suppressor genes have been identified yet.
In eukaryote cells, mRNAs molecules that contain premature termination codons (PTCs) due to nonsense mutations are detected and rapidly degraded by the nonsensemediated decay (NMD) mechanism. NMD is mediated through the assembly of protein complex coded by genes such as the ones belonging to the UPF family e.g. RENT-1/ UPF1, RENT-2/UPF2, UPF-3A, and UPF-3B [13] . RENT-1/ UPF1 has been shown to play a crucial role in the function of the NMD system. Taking advantage of the existence of this regulatory system in the cells, Noensi and Dietz described a strategy, called GINI (Gene Identification by Nonsense-mediated decay Inhibition), to identify tumour suppressor genes harbouring premature stop-codons [14] . Microarrays are used to identify potential nonsense transcripts that are increased in abundance after inhibition of the NMD system, by comparing the sample to itself after inhibition of NMD. The NMD pathway can be pharmacologically blocked by treating the cells with a translation inhibitor, such as emetine, resulting in stabilization of mutated transcripts containing a premature stop-codon. However, this drug also induces a stress response resulting in increased mRNA levels of many transcripts. To more specifically inhibit the NMD pathway, a different strategy has been described in which a siRNA directed against UPF1 is used [15, 16] .
The combination of NMD microarray data on putative nonsense mutations with array CGH data on deleted genomic areas enables the detection of biallelic inactivation events of tumour suppressor genes, as shown previously in prostate cancer [17] . Therefore, the present study aims to identify tumour suppressor genes inactivated by nonsense mutation and deletion in gastric cancer by means of GINI and whole genome DNA copy number analysis.
Methods

Cell lines and cell culture
Two non-commercial gastric cancer cell lines, GP202 and GP220, established and characterized in IPATIMUP, Porto [18] were used for siRNA transfection. These particular cell lines were derived from two different patients and were not immortalized by viral infection. The cell lines were maintained in RPMI supplemented with 10% fetal calf serum, 100 U/mL penicillin, 100 μg/mL streptomycin and 2 mmol/L L-glutamine (Life Technologies, Breda, NL).
DNA isolation and Array CGH
Genomic DNA was isolated using TRIzol reagent (Invitrogen, Breda, NL) according to the manufacturer's protocol with some modifications http://www.vumc.com/afdelin gen/microarrays/. DNA isolated from blood obtained from eighteen healthy males was pooled and used as normal reference. DNA concentrations were measured on a Nanodrop ND-1000 spectrophotometer (Isogen, IJsselstein, NL). 500 ng of DNA was labelled using the Enzo Genomic DNA Labelling kit as described previously (Enzo Life Sciences, Farmingdale, USA) [19] . Hybridizations were performed on slides containing four arrays, with each array containing 45220 in-situ synthesized 60-mer oligonucleotides, representing 42494 unique chromosomal locations (Agilent Technologies, Palo Alto, USA) [19] .
Images of the arrays were acquired using a microarray scanner G2505B (Agilent technologies) and image analysis was performed using feature extraction software version 9.5 (Agilent Technologies,). The Agilent CGH-v4_95 protocol was applied using default settings. Oligonucleotides were mapped according to the human genome build NCBI 35 (May 2004). For both Cy3 and Cy5 channels, local background was subtracted from the median intensities. The log 2 tumour to normal ratio was calculated for each spot and normalized against the median of the ratios of all autosomes.
UPF1 siRNA transfection
Transfection of both cell lines was performed in 35 mm dishes with 100 nM of siRNA duplexes directed against UPF1 (Dharmacon, Chicago, IL) or non-specific siRNA duplexes (CVII) (Dharmacon) using the lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's instructions. Cells were collected for total RNA extraction 72 h after transfection. Each transfection experiment was performed in duplicate on three different days.
RNA isolation procedures and quantitative real-time PCR
Total RNA was extracted from each cell line using the RNeasy kit (Qiagen, Westburg, Leusden, NL) including a DNase digestion step, according to the manufacturer's instructions. Concentrations were measured on a Nanodrop ND-1000 spectrophotometer (Isogen). Synthesis of cDNA was performed with random primers using the high capacity cDNA Archive Kit kit (Applied Biosystems). SDS 2.1 Applied Biosystems analysis software was used to determine the Ct number at which increase in signal is associated with exponential amplification of the PCR products, needed to quantify the expression values. Quantification of the 18S ubiquitous RNA was used as the endogenous reference. The delta Ct was determined in each case by subtracting the average Ct value of the target gene from the average Ct value of the 18S gene. The percentage of inhibition of the UPF1 gene was calculated by subtracting the mean delta ct of the UPF1 siRNA transfected cells by the mean delta ct of the CVII siRNA control transfected cells, as previously described [15] .
Microarray expression analysis
Microarray expression experiments were performed on 4 × 44 K Agilent expression arrays (Agilent technologies) by hybridizing UPF1 siRNA transfected cells against non-specific CVII siRNA control transfected cells, according to the manufacturer's instructions. RNA quality was evaluated by generating an electropherogram on the Agilent Bioanalyzer 2100 using a RNA 6000 Nano-LabChip (Agilent Technologies). RNA integrity numbers (RIN) of >9.0 were considered as good quality RNA. Experiments were performed in dye-swap and in triplicate, resulting in six arrays per cell line. Images of the arrays were acquired using a microarray scanner G2505B (Agilent technologies) and image analysis was performed using feature extraction software version 9.5 (Agilent Technologies). The Agilent GE2-v5_95 protocol was applied using default settings.
All data pre-processing and analysis was performed using the R-Bioconductor package Limma [20] . First, a robust Edwards background correction was applied, followed by within-array and between-array normalization using loess and scale standardization, respectively. Differential expression between UPF1 siRNA transfected cells and non-specific CVII siRNA control transfected cells was assessed by use of a linear model, which accounts for a blocking factor, the day effect (triplicate). Moreover, the two-sample t-statistic modified for correlation between the two duplicates was used. Finally, p-values were adjusted for multiple testing using convential Benjamini-Hochberg FDR correction.
Array CGH and microarray expression data can be assessed using the Gene Expression Omnibus (GEO) http://www.ncbi.nlm.nih.gov/geo/, under the accession number GSE12928.
Mutation analysis
From each RNA sample, 1 μg was reverse transcribed to cDNA using oligo(dT) 20 Primer (Invitrogen) with AMV reverse transcriptase (Promega, Leiden, NL). Mutation screening involved the entire coding region using primers overlapping the exon-exon boundaries. Each reaction was carried out in a total volume of 25 μl containing 1 μl of cDNA, 1,5 μl MgCl 2 (25 mM), 2.5 μl dNTPs (2 mM), 1.25 Units of Amplitaq Gold polymerase (Applied Biosystems), 2.5 μl GeneAmp ® 10× PCR buffer II and 12.5 pmol for each forward and reverse primer. When DMSO was added to the reaction, 2.5 Units of Amplitaq Gold polymerase was used. Amplification conditions were an initial denaturation step of 5 minutes at 94°C followed by 40 cycles of 30 seconds at 94°C, 30 seconds at 55-57°C (depending on the primer pair), 30 seconds at 72°C, and ending with 7 minutes at 72°C. PCR products were evaluated in a 2% agarose gel. PCR products were purified using Shrimp Alkaline Posphatase and Exonuclease (SAP and EXO enzymes) (USB corporation, Cleveland, USA) to remove the phosphate groups from the excess dNTPs left over from the PCR reaction and to digest single stranded PCR primers into dNTPs by incubating for 30 minutes at 37°C, followed by a 15 minute incubation at 80°C to inactivate the enzymes. Sequence reactions were performed in a total volume of 10 μl containing 3.5 μl purified PCR product, 2 μl sequencing buffer (5×), 0.5 μl BigDye Terminater v3.1 mix (Applied Biosystems) and 10 pmol of each forward and reverse primer. Amplification was performed in 25 cycles of 30 seconds at 96°C, 15 seconds at 45°C and 4 minutes at 60°C. Samples were precipitated by 0.1 volume NaAc (3 M; pH 5.3) and 2.5 volume ethanol. Sequencing of the PCR products was performed in 10 μl deionised formamide (Applied Biosystems) on an ABI 3130 capillary sequencer (Applied Biosystems). Sequence analysis was carried out using the sequence Analysis 5.2 software (Applied Biosystems) and the Vector NTI software (Invitrogen). Details of the primer sequences, annealing temperatures and extra PCR conditions are given in Additional file 1.
Genomic DNA sequence analysis was performed with new designed primers by BaseClear (Leiden, The Netherlands).
Results
Array CGH profiles
Array CGH profiles of the cell lines GP202 and IPA220 were obtained to detect the deleted areas potentially harbouring tumour suppressor genes. Array CGH profiles of the GP202 and IPA220 gastric cancer cell lines are shown in figure 1A and 1B, respectively. A detailed overview of all gains and losses detected in these two cell lines is given in table 1 and 2.
UPF1 inhibition and expression array analysis
Using the siRNA strategy, UPF1 expression was repressed by >70% for the GP202 gastric cancer cell line (73% 74% and 71% for the biological replicates), and >80% for the IPA220 gastric cancer cell line (82%, 86% and 84% for the biological replicates).
Micoarray expression array analysis yielded 540 spotted oligonucleotides significantly upregulated (adjusted pvalues < 0.05) with a log 2 ratio > 0.7 in the GP202 cells transfected with UPF1 siRNA compared to non-specific CVII siRNA control transfected cells. Of these, 164 oligonucleotides, representing 134 different genes, were located in deleted areas. The IPA220 UPF1 siRNA transfected cells showed 265 spotted oligonucleotides significantly upregulated (adjusted p-values < 0.05) with a log 2 ratio > 0.7 compared to non-specific CVII siRNA control transfected cells. Of these, 50 different genes were located in deleted areas. Of these genes, we selected genes with only one known transcript according to ensemble http:// www.ensembl.org/Homo_sapiens/index.html and genes of which no alternative splice patterns were known. This yielded a list of 10 candidate genes to be inactivated by nonsense mutation and deletion. The genes PLA2G4A, BMP5, MMP6, KNNMB4 and DYM were candidates for the GP202 gastric cancer cell line and the genes TXNL4B, FOXK1, PTPRJ, and SNN were candidates for the IPA220 gastric cancer cell line. The gene SLITRK6 was selected as a candidate gene for both gastric cancer cell lines, however only in the GP202 gastric cancer cell line this gene was located in a deleted area. In addition we selected two genes potentially inactivated by nonsense mutation which were located outside deleted areas, but showed high log 2 ratios and no known splice variants (CSTA for the GP202 and INHBB for the IPA220 gastric cancer cell lines). Candidate genes, including their chromosomal location are presented in Table 3 .
Mutation analysis
Of the 12 candidate genes, we successfully completed sequence analysis of 11 genes. After complete sequencing, KCNMB4, BMP5, DYM, TXNL4B, and SNN did not show any mutation. SLITRK6 did not show a mutation in the UPF1 siRNA-transfected IPA220 and GP202 gastric cancer cells. However, in the UPF1 siRNA-transfected GP202 gas-tric cancer cells, the first 196 bp of the coding sequence was missing due to PCR failures. For the gene INHBB the first 413 bp of the coding sequence was missing due to PCR failures but no mutation was detected in the remaining coding sequence. Due to the PCR failures, sequence analysis of these two genes was also performed on genomic DNA with new designed primers (BaseClear, Leiden, The Netherlands). Although sequencing of SLITRK6 was successfully performed, no mutations were detected in this gene. Sequencing the genomic DNA of the gene INHBB was unsuccessful, consistent with the cDNA sequence of the gene.
In CSTA a heterozygous mutation was detected in both GP202 and IPA220 gastric cancer cells transfected with UPF1 siRNA, at position 298 (mRNA seq. NM005213.3) resulting in a G to C substitution, which in turn resulted in an amino acid change from GTA (Valine) to a ATA (Isoleucine) at position 57 of the CSTA protein. In PLA2G4A, a mutation was detected in the UPF1 siRNA-transfected GP202 gastric cancer cells, at position 1012 (mRNA seq NM_024420.1) resulting in a C to T substitution at position 303 of the protein, but this mutation did not result in a different amino acid (GAC to GAT (Aspartate)). In PTPRJ, three mutations were detected in the UPF1 siRNAtransfected IPA220 gastric cancer cells. The first mutation resulted in a C to A substitution at position 1183 (mRNA seq NM_002843.3), which resulted in a CAA (glutamine) to CCA (proline) amino acid change at position 276 of the PTPRJ protein. The second mutation resulted in a G to A substitution at position 1333 (mRNA seq NM-002843.3), resulting in an amino acid change from CGA (Arginine) to CAA (Glutamine) at position 326 of the protein. The last mutation resulted in a G to C substitution at position 2972 (mRNA seq (NM_002843.3), resulting in CAG (Glutamine) to GAC (Aspartate) amino acid change at position 836 of the protein (Figure 2 ). Only the last mutation was detected in the GP202 gastric cancer cells transfected with UPF1 siRNA, but this was a heterozygous mutation.
Using the first primer set of MPP6, two bands were detected on the gel. After sequencing both bands we observed a 33 bp deletion before the coding start site in the shorter band which is suggestive for a splice variant since the exon-exon boundary is involved (Figure 3) . No mutations were detected. An overview of the mutations detected in this study is presented in table 4.
Discussion
Gastric cancer is a major cause of cancer death, but knowledge about the biology underlying gastric cancer development is still limited. Several chromosomal regions have been described to be frequently deleted in gastric cancer, but in most of the regions, no tumour suppressor genes DNA copy number profile obtained by array CGH analysis of the GP202 gastric cancer cell line have been described yet. Using the GINI strategy in combination with array CGH, we aimed to identify tumour suppressor genes inactivated by nonsense mutation and deletion in gastric cancer cell lines.
The first GINI strategies used a translation inhibitor to block the NMD pathway. By using translation inhibitors, the half-lives of many mRNAs are increased making it difficult to identify genes of which mRNA is increased due to the existence of a PTC [21] . In an attempt to improve detection of changes in decay rates, actinomycin D treatment, which stops initiation of mRNA synthesis, has been combined with translation inhibitors [17] . This strategy proved not to be as efficient as initially thought, probably due to side-effects of the drugs which have been suggested to include stabilization of the transcriptome, resulting in protection of the transcripts from degradation. In addition, using drug treatment, an overall stress response is induced resulting in upregulation of many transcripts [21, 22] . We have previously used a combination of emitine and actinomycin D treatment to inhibit the NMD machinery in three colorectal cancer cell lines, two microsatellite stable (HT29 and colo205) and one microsatellite instable (RKO). Sequence analysis of the candidate genes did not lead to the identification of any truncation mutation (data not shown).
In the present study, we used siRNAs directly targeting UPF1 which plays a central role in the NMD machinery. This approach was thought to result in less false positive genes compared to chemical translation inhibitors [15, 22] . However, as the present study indicated, in our hands this method also resulted in multiple false positive candidate genes.
Nonetheless, the GINI approach, using drug translation inhibitors in combination with transcription blockers, has been successfully applied in prostate and colon cancer cell lines [17, 23] . Also a different GINI approach (GINI2), using caffeine for NMD inhibition, has been successfully applied in the identification of bi-allelic inactivating mutations [24] . Blocking the NMD machinery using the siRNA strategy was also successful in detecting genes carrying PTCs in colorectal cancer cell lines [15] . However, in all these studies only cancer cell lines with microsatellite instability were analyzed, increasing the chance of success as microsatellite instable cell lines present, due to their phenotype, a high frequency of frameshift mutations leading to PTCs. To our knowledge, this is the first study describing the GINI technology in microsatellite stable gastric cancer cell lines blocking the NMD mechanism by siRNAs targeting UPF1. After sequencing the mRNA transcripts of the putative candidate genes, we did not detect nonsense mutations. The fact that the cell lines used in this study are not microsatellite instable may justify the lack of success on finding genes harbouring premature PTCs. However, the technique should also be applicable on microsatellite stable cancer cell lines as shown by Pinyol et al [25] . In their study, five mantle cell lymphoma cell lines were examined which may result in a more accurate and stringent selection of candidate genes compared to our data analysis in which we only used two cell lines.
Although no nonsense mutations were found in this study, we did detect silent or missense mutations in three genes. A silent mutation was detected in the gene PLA2G4A at position 303 of the protein. This polymorphism has not been previously described. A missense mutation was detected in the CTSA gene at position 57 of the protein changing a Valine into an Isoleucine. In the gene PTPRJ, three missense mutations were detected in IPA220 gastric cancer cell line. The mutations Gln276Pro and Arg326Gln in exons 5 and 6, respectively, have been described before as being polymorphisms [26] . To our knowledge, the third mutation, Glu836Asp, in exon 13, has not been previously described, thus the biological consequence, if any, is not clear. Loss of heterozygosity (LOH) of PTPRJ has been detected in breast, lung and Mutations analysis of PTPRJ in the IPA220 siRNA transfected cells yielded three polymorphisms, A1183C on exon 5 (A), G1333A on exon 6 (B) and G2972C on exon 13 (C) Figure 2 Mutations analysis of PTPRJ in the IPA220 siRNA transfected cells yielded three polymorphisms, A1183C on exon 5 (A), G1333A on exon 6 (B) and G2972C on exon 13 (C).
First part of the mRNA sequence of the MMP6 gene Figure 3 First part of the mRNA sequence of the MMP6 gene. The sequence in bold represents the missing sequence in the smaller PCR product, located upstream of the start codon. Bold and underlined nucleotides represent the exon-exon boundaries The start codon ATG is indicated in bold and italic.
colon cancers and expression has been shown to induce differentiation and to inhibit growth of breast cancer cells, indicating a function as tumour suppressor gene [26-28].
Since we detected missense mutations of this gene in the gastric cancer cell lines analyzed, it gives the indication that PTPRJ might play a role as tumour suppressor gene in gastric cancer, however, apparently not by inactivation by nonsense mutation.
One explanation why our strategy of GINI combined with DNA copy number profiling failed to detect new tumour suppressor genes with nonsense mutations could be that these nonsense mutations are less common than expected. Indeed, recent massive sequencing studies have identified that many cancer related genes often are mutated in only low frequencies, while alternative mechanisms of inactivation like promoter hypermethylation are much more common [29, 30] .
An important point is why siRNA inhibition of UPF1 generates so many false positive hits. Besides a crucial role of UPF1 in RNA degradation pathways, the gene also plays a role in DNA replication during the S phase of the cell cycle, and has been shown to be involved in DNA metabolism. UPF1 depletion causes cells to arrest in the S phase and those cells are able to initiate but not complete DNA replication. UPF1 depleted cells have been shown to harbour increased chromatid and chromosome breaks leading to chromosomal aberrations [31, 32] . In addition, UPF1 has been shown to promote the rate and efficiency of translation of normal mRNAs in mammalian cells [33] . Translation termination in UPF1 mutants was shown to be dependent on the sequence context. Efficient translation termination was observed when UCC (Serine) was located upstream and GCA (Alanine) was located downstream of the PTC. Location of CAA (Glutamine) on either side of the PTC resulted in up to 100 fold reduction in efficiency of translation termination [34] . We could speculate that by inhibiting UPF1 by siRNAs also mRNAs without PTCs are not efficiently translated into proteins, and consequently negative feedback loops are not activated, causing the cell to produce more mRNAs due to lack of functional proteins essential for the cell. This in turn can cause accumulation of mRNA resulting in false positive genes. Another hypothesis possibly contributing to the false positive genes found in our analysis can involve the coding sequence surrounding the PTCs which can determine the efficiency of the NMD machinery. Also, NMD downregulates wild-type transcripts and regulates the expression of many physiological transcripts [16] . Physiological substrates for NMD include transcripts with alternative splice variants. For this reason we excluded the genes with multiple known splice variants as candidate genes carrying a PTC, thereby limiting the rate of false positive candidate genes. Nonetheless, among the genes with one known transcript, the GINI technology still yielded many false positive candidate genes.
Finally, although 70-80% depletion of UPF1 is thought to be sufficient for inhibiting the NMD machinery both in microsatellite instable cell lines [15] as well as in microsatellite stable gastric cancer cell lines [35] , with correlation with downregulation of the UPF1 protein, we cannot exclude the possibility that in this case the treatment was insufficient.
Despite the fact that we did not successfully detect genes carrying a PTC using the GINI technology, we cannot rule out that the gene INHBB did not harbour a PTC since we were unable to sequence the full length of the gene. However, all other candidate genes were successfully sequenced without detecting a PTC. Therefore, we still believe that the siRNA mediated inhibition of the NMD machinery yields many false positive candidate genes.
In summary, we aimed to find candidate genes inactivated by nonsense mutation and deletion in the gastric cancer cell lines to further validate our results of DNA copy number profiling and expression analysis in primary gastric cancers. Although the GINI technology theoretically is a powerful method for identifying candidate tumour suppressor genes inactivated by nonsense mutations, siRNA mediated inhibition of the NMD machinery yielded false positive results in our hands. The GINI technique might be optimized by using a vector containing multiple small hairpin RNAs (shRNAs) that can silence multiple target sites simultaneously, to more effectively knockdown the NMD system [36] . Moreover, applying this strategy on multiple cell lines might be a more conservative approach applicable for selecting candidate genes, thereby contributing to less false positive test results. On the other hand, the discovery of new tumour suppressor genes inactivated by nonsense mutation by means of GINI may be redundant in the near future due to the emerging of the nextgeneration technologies in which the complete genome can be analyzed by massive parallel sequencing[37].
Conclusion
The GINI technology by means of siRNA mediated inhibition of the NMD machinery in gastric cancer cell lines yielded false positive results in our hands.
